The radial propagation of blobs generated from plasma instabilities is investigated in an open magnetic field line configuration. Blob cross-field velocities and sizes are obtained from internal probe measurements using pattern recognition. By varying the ion mass, the normalized vertical blob scaleã is scanned fromã < 1 toã > 1. An analytical expression for the blob velocity including cross-field ion polarization currents, parallel currents to the sheath, and ion-neutral collisions is derived and shows good quantitative agreement with the experimental data. In agreement with previous theoretical studies, this scaling shows that, forã < 1, the blob velocity is limited by cross-field ion polarization currents, while forã > 1 it is limited by parallel currents to the sheath.
Plasma particles and energy can efficiently be convected across a confining magnetic field in the form of blobs, coherent structures of enhanced plasma density relative to the background plasma. Blobs are filaments, as they typically extend much further along the magnetic field than perpendicular to it. They are measured near the edge of virtually all magnetized laboratory plasmas, including tokamaks, stellarators, reversed field pinches, simple magnetized tori, and linear devices [1] [2] [3] [4] [5] .
In the absence of magnetic fluctuations, blob propagation can qualitatively be understood as follows [6] : charge dependent drifts, such as those generated by magnetic field gradients and curvature, lead to cross-field currents and, due to the blob spatial inhomogeneity across the magnetic field, to charge separation. The resulting electric field inside the blob gives rise to an E Â B motion. The magnitude of the cross-field velocity depends on the available current paths to damp charge separation. If the damping results from parallel currents to the sheath, an analytical solution for the blob motion exists [6] . This predicts a blob velocity / 1=ã 2 , whereã is the normalized vertical blob size [see Eq. (3) for definition]. If cross-field ion polarization currents are considered in the absence of parallel currents, a blob initially at rest accelerates and reaches an approximately constant velocity / ffiffif a p [7, 8] . Numerical simulations of blob motion that include both parallel currents to the sheath and ion polarization currents predict that coherent blob motion is limited toã $ 1 and that parallel currents become dominant forã > 1 [9] [10] [11] .
Blob motion is extensively studied in the scrape-off layer (SOL) of fusion plasmas, because of its importance for the design of burning plasma experiments and future fusion reactors [12, 13] . However, a conclusive comparison with theoretical models is hampered by limited diagnostic accessibility in these devices, uncertainties in the relevant parameters, and the large number of effects that can arise due to the complicated geometry [14] .
In this Letter, we investigate plasma blob motion in the TORPEX [15] toroidal device, a simple open magnetic field line geometry with constant curvature along the field lines. In TORPEX, internal measurements over the entire plasma cross section are possible, owing to relatively low plasma temperatures and densities. Cross-field sizes and velocities are obtained for a large number of blobs from a 2D array of Langmuir probes (LPs) using pattern recognition [16] . By varying the ion mass, we find blob sizes in the range 0:15 &ã & 1:75. While the ffiffif a p scaling provides a good estimate of the measured radial blob velocity for a < 1, strong deviations are found for larger blobs, demonstrating the importance of parallel currents. We derive an analytical expression for the blob velocity that agrees with the whole data set.
The experimental setup is similar to the ones in [2, 3] : a vertical magnetic field of 1.6 mT is superimposed on a toroidal field of 76 mT, creating helical field lines. The plasma source is located on the high-field side, i.e., on the inner side of the device cross section. Blobs form from an interchange wave and propagate radially through a sourcefree region, exhibiting universal statistical properties similar to the SOL of fusion plasmas [17] and contributing significantly to cross-field particle transport [2, 18] . Studies on blob formation in this setup have revealed that blobs form from radially extending positive crests of the wave [2] that get sheared apart by the E Â B flow [3] . The radial elongation of the wave is attributed to a decrease in the radial pressure scale length [3, 19] .
For the present experiments, a steel limiter was inserted in the blob region, i.e., in the outer half of the cross section, as schematically shown in Fig. 1(a) . This results in a region on the low-field side characterized by a nearly constant connection length L % 2R, R ¼ 1 m being the major radius, and near-perpendicular incidence of the magnetic field lines on the material surface. The latter avoids complicating effects such as the contribution of the electron diamagnetic current to the blob parallel current, expected for small incidence angles between magnetic field lines and wall [20] . In order to significantly varyã, discharges in four different gases are performed (H 2 , He, Ne, Ar). In Figs. 2(a)-2(d), we show snapshots of the electron density obtained in these plasmas. The time averaged profiles (white solid contours) peak on the high-field side. Strong fluctuations around the average profiles and the radial movement of blobs are apparent.
Blob propagation is investigated using a 2D LP array [21] , toroidally displaced by 97 from the limiter. This array comprises 86 LPs with 3.5 cm pin separation [see sketch in Fig. 1(b) ] and provides the evolution of the ion saturation current (I sat ) with a temporal resolution of 4 s. Blobs are identified by pattern recognition [16] and their sizes are determined as follows. During the first four time frames, we evaluate the y profile of I sat over a vertical cut through the center of the blob. Examples are shown in Figs. 2(e) and 2(f). We then subtract the background density, taken as the average of the nearest local minima located above and below the position of the maximum of I sat . The vertical blob size a is defined as the average of the HWHM of these four I sat y profiles. To assess the size resolution achieved by this procedure, we apply the analysis to synthetic Gaussian shaped blobs mapped to the LP grid. We find that structure sizes are resolved with an average error & 20% as long as a * 1:5 cm. Structures with a & 1:5 cm are not detected by pattern recognition, as long as they do not stay close to one LP tip during their lifetime. In the following, we consider structures that exist for at least 10 time frames (36 s) for H 2 , He, and Ne and 20 time frames (76 s) for the significantly slower blobs in Ar, respectively. The selected blobs then typically move by at least one tip spacing during their trajectory, which avoids the detection of blobs with a & 1:5 cm. We additionally require that blobs do not undergo merging or splitting [16] during that time, that they travel radially at least to x min ¼ 4 cm, and that their trajectories lie mostly in the shaded area of Fig. 1(b) . Further, we focus on structures that propagate almost monotonically outwards, i.e., for which Áx i < 0 is not allowed for two subsequent steps, where Áx i is the radial displacement of the blob between frame i and frame i þ 1. The latter condition excludes between $35% (He) and $55% (Ne) of the detected structures. These are mostly structures that, after detaching from the wave crest, do not propagate radially and do not contribute to perpendicular transport. Examples of blobs satisfying the selection criteria are indicated in Figs. 2(a)-2(d) .
We have selected between 395 (Ar) and 1185 (H 2 ) blobs. In Fig. 2 , we plot the radial position versus time for individual blobs (g) and on average (h). We note that the fluctuations of the instantaneous velocity during individual trajectories can be large (g). This can be explained by the finite spatial resolution of the grid. Trajectories in (h) where finite grid effects are averaged out show relatively 
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065001-2 small fluctuations ( 30%). Therefore, we define the velocity of an individual blob as the mean velocity over its entire trajectory. In Fig. 3 , we plot the joint probabilities of blob radial velocity versus vertical size, separately for the four gases. We find similar average vertical blob scales h2ai $ 5 cm in all four plasmas, consistent with blobs forming from the wave crest of an interchange wave with same vertical wavelength %13 cm. The average of n=n [see Fig. 2(f) for definition] is also similar in the four plasmas, lying between 0.69 (He) and 0.76 (H 2 ). Clear differences are found, however, for the typical blob velocities, ranging between hv blob i $ 500 m=s (Ar) and hv blob i $ 1700 m=s (He).
In the following, we motivate a blob velocity scaling for the quasistationary phase of blob propagation and put it in the context of earlier published scaling laws. We start from r Á J ¼ 0 (quasineutrality). Assuming a constant electron temperature over the blob and T i ( T e for the electron heated TORPEX plasma [22] , and integrating r Á J ¼ 0 along the magnetic field, thus assuming a 2D structure of the blob, we find [14, 23] 
Here, c s % ffiffiffiffiffiffiffiffiffiffiffiffiffi T e =m i p is the ion sound speed, the electrostatic plasma potential, and ¼ À f the deviation from its floating value f % 3T e =e [24] . in is the ionneutral collision frequency and D=Dt ¼ @=@t þ v EÂB Á r. The term on the left-hand side is the divergence of the electron diamagnetic current, the drive for the blob motion. The current loop is closed by the ion polarization current, sheath currents, and the ion current caused by a neutral friction force. These effects are taken into account by the three terms on the right-hand side of Eq. (1). We note here that for ( 1, where is the incidence angle between magnetic field lines and the limiter ( % =2 in the present experiment), we expect a contribution of the electron diamagnetic current to blob parallel currents of the order of T e =ðBÞð@n=@yÞ [20] . For the hydrogen blobs, this becomes significant for & 0:2.
We now estimate the magnitude of the different terms in Eq. (1) . We assume that the density blob is a monopole structure and the potential blob a dipole with a radially elongated positive and negative pole on the top and on the bottom side of the blob, respectively. This picture agrees with numerical simulations [11] . We estimate the terms of Eq. (1) at the position of the positive pole of the potential as follows: @n=@y $ Àn=a, similarly to [7] D=Dt $ ffiffiffi 2 p c s = ffiffiffiffiffiffi ffi Ra p (ideal interchange growth rate), r 2 $ À=a 2 , and $ Bv blob a. We then obtain
where s % ffiffiffiffiffiffiffiffiffiffi ffi T e m i p =ðeBÞ is the ion sound Larmor radius. The three terms in the denominator represent the divergence of the ion polarization current, the sheath current, and the ion current due to neutral friction, respectively. The factor n=n describes the slowing down by a finite background density [13] . In the limit where sheath losses and ion-neutral collisions are negligible, i.e., ifã 5=2 , ffiffif a p ( 1 (see below for definitions), we obtain v blob ¼ ffiffiffiffiffiffiffiffiffiffiffi ffi 2a=R p c s similar to [7, 8] . If sheath losses become dominant (ã 5=2 ) 1, ffiffif a p ), we find the scaling v blob ¼ 2 L R 2 s a 2 c s of [6] ; when ion-neutral friction dominates ( ) 1= ffiffif a p ,ã 2 ), we retrieve v blob ¼ 2c 2 s =ðR in Þ, which is experimentally verified in [4] .
In Fig. 3 , the scaling provided by Eq. (2) is drawn together with the experimental data, showing good agreement for the four gases. We assume a typical blob temperature of half the peak value of the temperature profiles measured with LPs, i.e., T e ¼ 4, 7, 6, and 3.5 eV for H 2 , He, Ne, and Ar, respectively, and we neglect ion-neutral collisions by setting in ¼ 0.
To investigate the parameter regime covered by the ion mass scan, we now turn to adimensional units. Similarly to [9] , we normalize the blob radial velocity and its vertical size to
For this case, the dimensionless radial blob velocityṽ blob and the dimensionless vertical blob sizeã are linked bỹ
In Fig. 4 , we plot the data using this normalization. We superimpose the curve described by Eq. (4) for ¼ 0 and n=n ¼ 0 (white curve) and n=n ¼ 0:73 (thick black curve). The dashed line is the expected blob velocity in the absence of parallel currents [7, 8] and the dash-dotted line the scaling where sheath currents are dominant [6] . We findã of the order of 1. By varying the ion mass, both regimesã < 1 andã > 1 are obtained. Fig. 4 . This indicates that blob velocity is only weakly reduced by ion-neutral collisions.
In conclusion, cross-field blob velocity and size have been investigated experimentally in TORPEX in an open magnetic field line configuration. This features constant curvature along the field lines, nearly constant connection length, and almost perpendicular incidence of the magnetic field on the wall. Large blob statistics over a wide parameter range allowed a quantitative comparison with a blob velocity scaling, also derived here, which agrees well with the whole experimental data set. In the absence of ionneutral collisions, it recovers the commonly used SOL scalingsṽ blob / 1=ã 2 [6] andṽ blob / ffiffif a p [7, 8] forã ) 1 andã ( 1, respectively, whereã is the normalized vertical blob scale. Ion-neutral collisions become the dominant damping term for blob velocity when the adimensional parameter satisfies ) 1= ffiffif a p ,ã 2 . In this limit we retrieve the scaling presented in [4] . We have obtained two regimes of blob motion in the experiment. In the regimeã < 1, blob velocity is mainly damped by crossfield ion polarization currents. Forã > 1, it is limited by parallel currents to the sheath. The damping due to ionneutral collisions is found to be weak ( 25%).
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